Abstract. The widespread occurrence of antibodies (IgG) specific to xanthine oxidase in both normal (nonimmune) human and animal sera, and in antisera raised against a diversity of unrelated antigens is described. A study of sera from 81 humans revealed that xanthine oxidase-specific IgG represents a high proportion (1-8%) of total IgG. No obvious correlation to pathological events or symptoms of disease could be found. These xanthine oxidase-specific antibodies could be isolated by immunoaffinity chromatography on purified human or bovine xanthine oxidase and showed specific binding to the enzyme polypeptide of M, 155,000 in immunoblotting experiments. By immunofluorescence microscopy they displayed the same cell type-specific reaction as experimentally induced antibodies, i.e., the staining of lactating mammary gland epithelium and capillary endothelium.
Abstract. The widespread occurrence of antibodies (IgG) specific to xanthine oxidase in both normal (nonimmune) human and animal sera, and in antisera raised against a diversity of unrelated antigens is described. A study of sera from 81 humans revealed that xanthine oxidase-specific IgG represents a high proportion (1-8%) of total IgG. No obvious correlation to pathological events or symptoms of disease could be found. These xanthine oxidase-specific antibodies could be isolated by immunoaffinity chromatography on purified human or bovine xanthine oxidase and showed specific binding to the enzyme polypeptide of M, 155, 000 in immunoblotting experiments. By immunofluorescence microscopy they displayed the same cell type-specific reaction as experimentally induced antibodies, i.e., the staining of lactating mammary gland epithelium and capillary endothelium.
The naturally occurring xanthine oxidase-specific antibodies consisted of polyclonal IgG of various subclasses. F(ab')2 preparations gave immune-reactions identical. to those of IgG. The human xanthine oxidasespecific IgG cross-reacted with the bovine enzyme and both human and animal antibodies partially inhibited its activity. The xanthine oxidase activity of human milk lipid globules and supernatant fractions from various human tissues was extremely low when compared with that of the bovine antigen. The enzyme protein, however, was effectively precipitated from these sources by both the human and bovine antibodies.
We suggest that the exceptionally high concentrations
Introduction
Recently, evidence has accumulated for the occurrence of spontaneous antibodies, i.e., antibodies formed without intentional immunization in healthy individuals, which are commonly interpreted as autoantibodies (e.g., references [1] [2] [3] . In some cases the antigenic targets appear to be constituents of intracellular structures such as actin, tubulin, spectrin, myoglobin, vimentin, and keratin. It has therefore been proposed that the presence of such putative autoantibodies in sera is the result of cell lesions in the body, which lead to an exposure of such antigens. In the case of tissue or cell type-specific antigens, such autoantibodies might provide useful indicators of cellspecific damage.
In immunolocalization studies, we previously demonstrated the occurrence of appreciable amounts of xanthine oxidase, an iron-sulfur-molybdenum-containing flavoprotein, in the cytoplasm of mammary-gland epithelium, and in capillary endothelial cells of a variety of bovine tissues (4). An immunologically related protein containing a polypeptide of the same molecular weight (Mr 155,000) has been identified in human milk and tissues (5; and these authors, unpublished observations). Therefore, we have speculated that the appearance of human xanthine oxidase in the blood stream might be an indication of capillary endothelial cell damage (4). However, attempts to identify xanthine oxidase in human sera have been unsuccessful, even in patients with severe and extended capillary lesions. Reports of the occurrence of antibodies in human sera assumed to react with bovine xanthine oxidase (6, 7; for review see reference 8) prompted us to identify such antibodies and to characterize the antigen at the molecular level. Sera from many humans, from cows and goats, and from various laboratory animals (mice, guinea pigs, and rabbits) that had been immunized against different antigens all contained surprisingly high concentrations (1-8% of total Ig) of antibodies binding to bovine xanthine oxidase.
Methods
Tissues, cells, and fractionation procedures. Bovine tissues were taken at a local slaughterhouse from 3-4-yr- Test sera and antibodies. Serum was prepared from blood samples of BALB/c mice, New Zealand white rabbits, and Holstein cows. Human blood samples were obtained and serum was prepared from 10 healthy volunteers of both sexes ranging from 22 to 56 yr, and from 71 people at the University Hospitals. These included two babies at days 2 and 4 after birth, respectively, one patient who had undergone immunosuppression by treatment with cyclosporin A after kidney transplantation, patients suffering from melanoma or lupus erythematosus discoides, and age-and sex-matched controls without indications of disease. Outdated blood samples from the University of Heidelberg Blood Bank were also used. In all cases, Ig fractions were prepared from the individual sera as described below.
The following antibodies were used: lyophilized human IgG (Miles Laboratories, Inc., Frankfurt); -y-chain-specific anti-human IgG (developed in goat; Sigma Chemical Co. Munchen); anti-mouse IgG (from rabbit), human F(ab')2 fragment, and anti-human IgG F(ab')2-fragment (from rabbit) from Dianova (Hamburg); anti-mouse IgG (from goat) from Cappel Laboratories, Inc., (Cochranville, PA); and rabbit serum against human factor VIII antigen (Behringwerke, Marburg, Federal Republic of Germany). Other commercially available immunoreagents will be mentioned later.
Affinity-purified guinea-pig antibodies (Ig) directed against purified bovine milk xanthine oxidase (M, 155,000) have been described (5 Gel electrophoresis. One-dimensional gel electrophoresis was as described by Laemmli (16). Two-dimensional gel electrophoresis in the range of pH 2-11 was according to the method of O'Farrell et al. (17) . Staining of proteins was either with Coomassie Blue or with silver nitrate, according to the method of Ansorge (18) .
Immunoblotting. (NH4.SO4 precipitate fractions from sera and purified xanthine oxidase-specific antibodies were tested for specificity by modifications (19) of the immunoblot technique of Towbin et al. (20) .
Immunoprecipitation and enzyme assays. Xanthine oxidase-specific antibodies (IgG) were rotated end-over-end overnight in tightly sealed test tubes with the 10' g supernate preparations of various tissues. The mixture was then placed on ice for 30 min and then centrifuged for 15 min at 4,000 g. Soluble complexes and unbound IgG were precipitated by the addition of an anti-species antibody (anti-human IgG from rabbit; anti-human IgG from goat; or anti-bovine IgG from rabbit [Sigma Chemical Co.]) that had been pre-absorbed on immobilized human and/or bovine xanthine oxidase. All immunoprecipitates and the corresponding supernates were assayed for xanthine oxidase and xanthine dehydrogenase activities as described (21) .
Enzyme-linked immunosorbent assay (ELISA).' The enzyme immunoassay in general followed the procedure of Hautanen and Linder (22) Immunofluorescence microscopy. Indirect immunofluorescence microscopy was performed on cryostat sections of frozen tissue and on cells grown on coverslips as described by Krohne et al. (24) . Fluorescein isothiocyanate (FITC)-conjugated antisera to IgG from mouse and guinea pig (developed in rabbit) and from rabbit and human (developed in goat) were from Miles-Yeda (Rehovot, Israel). Rhodamin-B-conjugated antiserum to guinea pig IgG (developed in rabbit) was from Medac (Hamburg).
Results
Xanthine oxidase-specific Ig is present in diverse species. When we tested various monoclonal murine antibodies with antimurine Ig developed in goats, rabbits, or guinea pigs (distributed by Miles-Yeda, Sigma Chemical Co., or Behringwerke), we noted that all of these antibody preparations revealed a specific immunoblot reaction with an Mr 155,000 polypeptide present in the 105 g supernate fractions from many tissues.
On sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis the reacting antigen co-migrated with xanthine oxidase protein purified from milk lipid globules, which gave an identical immunoreaction. When typical anti-mouse Ig preparations (e.g., from goat or guinea pig) were incubated with purified xanthine oxidase immobilized on Sepharose 4B, -2% of the applied Ig was immunoabsorbed by xanthine oxidase (Table I ). The nonabsorbed Ig-fraction and the specifically bound Ig-fraction, which was obtained by elution with 3 M KSCN, were used to detect xanthine oxidase with the immunoblotting technique. With the 105 g supernate fractions from bovine liver, with bovine and human milk lipid globule membranes, and with xanthine oxidase purified from milk lipid globules, only the xanthine-oxidase-specific Ig-fraction reacted with the Mr 155,000 xanthine oxidase polypeptide after transfer to nitrocellulose paper.
The Ig preparations from the sera of several other species, including goat, cow, guinea pig, rabbit, and mouse, also contained remarkably high concentrations of xanthine oxidasespecific Ig, as determined by the immunoaffinity absorption method (Table I) . Antibodies contained in these preparations reacted with both human and bovine xanthine oxidase. Only bovine anti-xanthine oxidase samples did not cross-react with the corresponding human antigen.
Xanthine oxidase-specific IgG is present in human serum.
In order to test human serum for the presence of xanthine Table I ); and two, in all human sera analyzed in detail specific binding to xanthine oxidase were confined to the IgG fraction. The xanthine oxidase-specific IgG (the same as that used in Fig. 1 c) Fig. 1 b) was used as negative control. In parallel, the binding of human IgG to bovine milk xanthine oxidase was also measured. In the majority of the sera, 0.5-3% of the total IgG (based on the calibration above) were xanthine oxidase-specific antibodies (Fig. 2) Localization of antigen in capillary endothelium. Using human IgG that specifically bound to xanthine oxidase, we examined the location of antigen in several human and bovine tissues by immunofluorescence microscopy. Fig. 3 shows the staining of xanthine oxidase-specific IgG on frozen sections of human and bovine liver and of bovine heart, in comparison with the staining of affinity-purified guinea-pig Ig to bovine milk xanthine oxidase and antiserum to human factor VIII antigen, a glycoprotein known to be secreted by endothelial cells (e.g., reference 25). Decoration by human IgG specific for xanthine oxidase was restricted to the sinusoidal lining of both bovine (Fig. 3 a) and human ( Fig. 3 b) liver, whereas the liver parenchymal and bile duct epithelial cells were negative. The staining pattern was distinct from that observed with antibodies to vimentin, which reacted strongly with endothelial cells but also with other mesenchymal cells such as Kupffer cells (4). It was also different from the staining with antibodies to cytokeratins which are specific for hepatocytes and the bile ducts (13) . The IgG fraction of human sera that did not bind to immobilized xanthine oxidase showed no specific staining (Fig. 3 c) .
Human xanthine oxidase-specific IgG also stained the capillary endothelial cells of bovine (Fig. 3 d) and human (not shown) heart muscle. No specific decoration of the capillaries was observed with the human IgG that did not bind to immobilized xanthine oxidase. For comparison, the staining of heart capillaries with guinea pig antibodies to bovine milk xanthine oxidase (Fig. 3 d' and e') and with rabbit antiserum to human Factor VIII antigen (Fig. 3 e) In these experiments, F(ab')2 was detected by the addition of rabbit IgG against human F(ab')2 fragments that had been preabsorbed against human and bovine xanthine oxidase, followed by the addition of '251-labeled protein A. (d) Immunofluorescence microscopy on cryostat section of human liver by use of human xanthine oxidase-specific F(ab')2 fragments. Rabbit IgG against human F(ab')2 was preabsorbed on immobilized bovine xanthine oxidase and used as second antibodies, which in turn were reacted with FITC-conjugated goat anti-rabbit IgG. Only cells of the sinusoidal lining (S) are stained (compare Fig. 3 By two-dimensional nonequilibrium pH gradient gel electrophoresis of the IgG specifically bound to xanthine oxidase, the IgG heavy-chain band was separated into distinct subgroups of isoelectric variants (Fig. 4) . These were tentatively identified, in accordance with Howard and Virella (27) , as IgG, (the largest subgroup, with variants ranging from pH 8.5 to 6.5), IgG2 (banding slightly above IgG, in the pH range 7.7-6.7), and IgG4 (at pH <5.7). Little or no IgG3 was identified.
When commercial antibodies against these four human IgG subclasses that were bound on nitrocellulose paper (dotblot) were used, similar results were obtained. Strong binding of radiolabeled xanthine oxidase-specific human IgG was observed with antibodies to IgG1, IgG2, and IgG4, and only a weak reaction with anti-IgG3 was seen. Similar results, with a marked preference for IgG1, were obtained in other xanthine oxidase-specific human IgG examined. It was obvious from these experiments that xanthine oxidase-specific antibodies of human sera were IgG of polyclonal origin and were not confined to one distinct IgG subclass.
In order to examine whether the xanthine oxidase binding site of the xanthine oxidase-specific IgG was in the Fab' or in the Fe-region, human IgG fractions were digested with pepsin. F(ab')2 fragments were purified by affinity chromatography on protein A-Sepharose 4B and Sephadex G-200 filtration and analyzed by gel electrophoresis (data not shown). After chromatography on immobilized xanthine oxidase, the specifically absorbed and the nonabsorbed F(ab')2 fragments were analyzed by gel electrophoresis. As expected, the polypeptide composition of both fractions was the same (Fig. 5 a, lanes 4 and 5) . Their protein concentration varied widely: The xanthine oxidasespecific F(ab')2-fraction amounted to only -3% of the total F(ab')2. Binding to the Mr 155,000 xanthine oxidase polypeptide separated on gels was determined by immunoblotting on nitrocellulose paper by use of anti-F(ab')2 IgG and '25-I-labeled protein A. The specifically absorbed F(ab')2 showed a strong reaction (Fig. 5 b) in contrast to the very weak residual binding activity recovered in the large (-97%) fraction of nonabsorbed F(ab')2 (Fig. 5 c) . Similarly, a commercially available preparation of human F(ab')2 fragments (Fig. 5 a, lane 2) also contained -5% xanthine oxidase-specific fragments. When the F(ab')2-fraction that was absorbed to immobilized xanthine oxidase was used for immunofluorescence studies, the staining pattern observed was the same as that of the xanthine oxidase-specific IgG-fraction (compare Fig. 3 ). Capillaries and sinusoids were intensely stained (Fig. 5 d) . The nonabsorbed F(ab')2 fraction showed only weak, insignificant reaction with capillaries.
Characterization ofhuman and bovine antigen. In samples of various human tissues tested, xanthine oxidase activities were usually below the limit of detection, i.e., at least 1,000 times lower than in human milk lipid globule membranes and 60,000 times lower than in bovine milk lipid globules (compare reference 28). Because of these low enzyme activities in human tissues, we had to look for other criteria to identify the antigen recognized by xanthine oxidase-specific antibodies.
We have used experimentally induced antibodies (developed in guinea pig) against purified xanthine oxidase from bovine milk lipid globules, which cross-reacted with the xanthine oxidase in human milk lipid globules. As shown in Fig. 3 , these antibodies recognized the antigen in both bovine and human tissues, in the same location, i.e., in capillary endothelial cells. When these xanthine oxidase-specific antibodies from guinea pig were used in immunoaffinity chromatography with supemate fractions from human tissue homogenates, a protein was specifically enriched that had the same molecular weight as xanthine oxidase in human milk lipid globules (Fig. 6 ).
From these data we conclude that both antibody preparationsthat developed in guinea pig against xanthine oxidase and that purified from human sera by immunoabsorption-recognized the same antigen, i.e., xanthine oxidase. The xanthine oxidase-specific IgG from human sera precipitated the M, 155,000 polypeptide from human and bovine milk lipid globules (Fig. 7) . IgG that did not bind to immobilized xanthine oxidase (the same preparation as that used in Fig. 1  b) (Fig. 7) and the enzyme activity (Table II Fig. 7 ).
By immunoblotting, the bovine xanthine oxidase-specific IgG did not cross-react with human xanthine oxidase. On the contrary, the IgG from several human individuals not only cross-reacted with bovine xanthine oxidase but also showed an even stronger reaction with the bovine compared with the human antigen (see also data obtained by ELISA and Fig. I  c) . In addition, some human sera (an example is documented in Fig. 8 ) contained IgG not only to xanthine oxidase but also IgG that bound to certain glycoproteins of bovine milk lipid globule membranes (Fig. 8, lane 3 Xanthine oxidase-specific IgG from human and bovine sera can precipitate xanthine oxidase enzyme activity from bovine tissues. The immunoabsorbed protein from human tissues is similar to that absorbed by experimentally induced antibodies to authentic bovine xanthine oxidase.
We discuss two possibilities for the occurrence of xanthine oxidase-specific antibodies in human sera. One, the formation of the antibodies has been induced by endogenous stimulus, i.e., human xanthine oxidase exposed to the immune system. Our data which show that xanthine oxidase is highly enriched in capillary endothelium of human tissues (for bovine tissues, see reference 4) and could be released after cell damage agree with this explanation. It is also supported by our observation that various animal species produce xanthine oxidase-specific antibodies and that certain bovine sera contain xanthine oxidase-specific antibodies that do not cross-react with the human enzyme.
Two, an alternative explanation for the presence of high titers of xanthine oxidase-specific antibodies in human sera is that they are induced by bovine milk xanthine oxidase that has been taken up with dairy products and has escaped digestion. It has been claimed that small amounts of bovine milk xanthine oxidase pass across the gastrointestinal tract epithelia in an enzymatically active form (7, 8) . The presence of antibodies to nutritional proteins in human and animal sera has been reported (7, 29) . In support of this explanation is our finding that some of the human sera tested have shown stronger binding to bovine than to human xanthine oxidase and that they also contained antibodies that bound to other bovine milk proteins that are not noted in human milk and tissue samples (e.g., Fig. 8 ).
However, we cannot rule out the possibility that the xanthine oxidase-specific IgG in human and animal sera are directed against an unknown antigen that shares many epitopes with xanthine oxidase.
Antibodies to endogenous proteins are well known in pathological situations such as autoimmune diseases (for review see reference 30). In the last 10 yr antibodies against selfcomponents have been described, although at relatively low concentrations, in sera of apparently healthy animals and humans (3, (31) (32) (33) proteins of the keratin (34, 35) and the vimentin (36) types, actin, tubulin, and spectrin (e.g., references 1, 2, and 37) and a variety of soluble cytoplasmic and secretory proteins such as thyroglobulin, myoglobin, albumin, and transferrin (33) . Most of these natural autoantibodies examined have been found to belong to the IgM class (1, 3, 36, 38) .
From our arguments given above we think that most of the xanthine oxidase antibody formation is due to immunization against the endogenous protein. However, the antibodies against the cytoplasmic protein xanthine oxidase in human and animal sera differ from autoantibodies described in other reports in the heterogeneity of the antibody population and the extraordinarily high titers (20 to 100 times higher than values reported for natural autoantibodies) (2, 33) . This suggests to us that self-immunization with xanthine oxidase is a multiple event, perhaps induced by accidental harmless lesions of capillary endothelium. However, we cannot explain why the immune system has not acquired immunological tolerance to this protein.
